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(54) Broadband amplified WDIVI ring 

(57) A fiber-optic WDM. ring carries comrnuriication. 
traffic among a.plurality.of nodes, eacii ribde associated 
with respective subscriber premises. Remote gain is 
provided in at least one link of the ring. In specific 
embodirfients ot the inventiori, the remote gain is 
applied preferentially to those wavelength channels 
rtiost jn heed of amplification. Iri specific embodirtients 
of the invention, the remote gain is Raman gain. 
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Description 

Field of the Invention 

[0001] The present invention relates generally to 
optical networking, and, more particularly, to Installa- 
tions in which a WDM ring carries short-haul communi- 
cations. 

Background of the Invention 

[0002] There is currently a market need, experi- 
-enced by,~for"exampIertelephone~carriers~anti"ca^ 
operators, to provide short-haul transmission of internet 
protocol (IP) packets arhong interconnected nodes that 
are typically spaced apart by about 20 km or less. Pro- 
posed systems use an IP packet over SONET interface, 
and use wavelength-division multiplexing (WDM) to 
carry the packets on an optical tiber trarismlssion 
mediuit). 

[0003] One particular class of architectures for the 
short-haul network is the class of ring architectures: 
Such architectures are especially useful for' serving 
business parkSi campuses, nfijlitary . bases, networks of 
geographically dispersed company buildings, and the 
like. Typically, a pair of counter-propagating fiber-optic 
rings connects a plurality of nodes, disposed along the 
ring, with a hub. The hub manages inbound and out- 
bound transmissions between the ring and external 
communication networks. Each node typically serves 
one sulDscriber or aggregate of subscribers, which by 
way of illustration could be an office suite in an. urban 
office building. < 

[0004] One drawbackof optical ring networks is that 
the ojDtical signal loss accrued over the network. Loss 
contributions include distributed loss due to attenuation 
in the optical fiber links that extend between adjacent 
nodes, and they also include discrete losses associated 
with the optical add-drop elenients at the respective 
nodes. ■ , 

[0005] Because these losises accrue over the net- 
work, such a network has a limited potential for growth. 
That is, even modest fractional increases in the total 
fiber length or the total number of nodes may carry an 
unacceptable loss penalty. 

■[0006]"" ' Conventionally, such' a problem might be 
solved by providing amplification at each node. How- 
ever, such a solution adds a substantial installation cost 
to the network. Since low cost is often one of the attrac- 
tions of an optical ring network, this solution is likely to 
be unacceptable. 

[0007] Therefore, there is a particular need for an 
optical ring network that can be expanded while hiain- 
taining relatively low overall cost. 

Summary of the Invention 

[0008] We have developed a dual-ring, bi-direc- 



tional optical fiber transmission system that intercon- 
nects a plurality of nodes with a hub, such that multiple 
WDM channels are established on each ring. 
[0009] Although the invention is not so limited, this 

5 system is particularly useful when a relatively wide 
spacing of the channels, exemplary a spacing on the 
order of 10-30 nm, and more typically about 20 nm, ena- 
bles the. use of very low cost transceivers and avoids the 
need for temperature control. Such a WDM system is 

10 often referred to as a coarse WDM (C-WDM) system. 
[0010] At each node, an optical add-drop ririddule 
(OADM) operates to (a) extract, for the purposes of a 
receiver, or (b) ihseftrf6rthe purposes oflTtransmitter, 
information in one or more of the channels. 

15 [poll] We have found that accrued losses in this, 
and other, optical WDM networks can be offset in a 
cost-effective manner by distributed gain that is applied 
preferentially to those wavelength channels most in 
need of amplification. This helps to pave the way for net- 

20 work expansion while maintaining relatively low overall 
cost. 

[0012] Accordingly, the Invention involves an optical 
communication network that includes at least one unidi- 
rectional WDM ring that interconnects a hub and a plu- 

25 rality of nodes. A distinct wavelength channel is 
assigned to each node for communication along the ring 
from the hub to such node and from such node to the 
hub. Each adjacent pair of nodes is connected by a link 
of the WDM ririg. The hub is likewise connected by a Ijnk 

30 to each of Its adjoining nodes. At least ohe Jink, which is 
herein denominated a "pumped" link, is optically cou- 
pled to a pump source. This coupling is direct, in the 
sense that it does hot take place through the intermedi- 
acy of any intervlaning link. The aforesaid optical cou- 

35 plihg of a pump source to a pumped link |s arranged to 
optically amplify signals that pass through the pumped 
link. \ 

[0013] Various arrangements of the pumped link or 
pumped links fall within the scope of the invention. In 

40 some embodiments of the invention, such arrangement 
has the pi-operty that: (i) signals that lie in a first wave- 
length channel and are associated with a first node will 
experience some optical gain when following a com- 
plete path, including at least one pumped link, between 

45 the hub and the associated node; and (ii) there will be 
"sigh'als''lying'ih at1east*one fu7ther Wavelength "channel 
and associated with a further node that experience a 
different optical gain when following a complete path, 
including at least one pumped link, between the hub 

50 and the further node. 

[0014] In alternate embodiments of the invention, 
there is at least one pumped link that imparts gain to 
signals in a first wavelength channel, and that imparts a 
different amount of gain to signals in a distinct, second 

55 wavelength channel. 

[0015] In other embodiments of the invention, at 
least one pump source is a Raman pump source, 
arranged such that at least one wavelength chahhel is 
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subject to Raman arnplification in the corresponding 

pumped link. 

[0016] In yet other, more specific ernbodiments of 
the invention, at least one pump source is a Raman 
pump source, arranged such that at least one wave- s 
length channel will experience Raman gain in the corre- 
sponding pumped link, but also such that said gain is 
not experienced equally in all of the wavelength chan> 
nels. 

10 

Brief Description of tlie Drawing 

[001 7] — - — — — 



Detailed Description * 

[0018] Ah Illustrative network is now described in 40 

greater detail with reference to FIG.1. 
[0019] A dual-ring, bi-directional optical fiber trans- 
mission system interconnects a series of nodes, e.g., 
nodes 110-116, with a hub 130, such that multiple, 
widely spaced coarse WDM channels are established 45 
^onlhe^respective^unidirectionahrihgs-l 01, -1 02. -Typi- 
cally, a relatively wide spacing of the channels, on the 
order of 20 nm, enables the use of inexpensive trans- 
ceivers and avoids the need to control the temperature 
of transceiver components such as semiconductor so 
lasers. At each node, there is an optical add-drop mod- 
ule (OADM) arranged to (a) extract, for the purposes of 
a receiver, or (b) insert, for the purposes of a transmit- 
ter, information in one or more of the channels. 
[0020] A channel passband of 1 3 nm with a channel 55 
spacing of 20 nm is typical. An exehiplary i'ange of 
channel passbands useful in this context is 5^20 nm. 
FIG. 3 shows an illustrative set of seven channels, each 



1 3 nm wide, and having a channel spacing of 20 nm. As 
will be seen fi-om the figure, the Illustrative channels 
have respective passbands centered at a grid of wave- 
lengths lying approximately in the range 1490-1610 nm. 
[0021] The signals in the one or more channels are 
coupled to the OADMs in each node by a standard opti- 
cal transceiver, which performs modulation and demod- 
ulation. The transceiver, in turn, is coupled to a packet 
framer, which supplies received IP packets to, and 
receives outgoing IP packets from, a cphventlonal Layer 
3 routing engine. 

[0022] Hub 130 is connected to a managed IP 
backbon e^ netwo r k -140. Jf h e_trahsmis sioh system of 
FjQ. 1 is effective to route IP packets, typically using the 
SONET Interface and protocol, from backbone network 
140 to destinations that are interconnected to the sys- 
tem via other access networks, such as the IP access 
network 120 shown . coupled to node 113, and vice 
v^ersa (i.e., from users connected to access network 120 
to backbone network 140). IP access network 120 may 
be a PathStar IP switch available from Lucent technolo- 
gies Inc. of Murray Hill, New Jersey. 
[0023] Turning now to FIG. 2, ring 101 is shown 
interconnecting nodes 110-1 12 with hub 130. Ring 101 
is shown as transmitting packets from node to nodejn^ 
the clockwise direction. Each of the nodes 110-112 
includes a respective OADM 210-212, arranged to (a)- 
extract from the wavelength division multiplexed signals^ 
present on ring 1 01 , only those, signals in a specific 
wavelength band, corresponding to a widely spaced 
WDM channel, and (b) insert signals back onto ring 101 
in the same specific wavelength band and WDM chan- 
nel. Thus, as seen in FIG. 2,. 0ADM filter 210 in node 

1 10 is tuned to wavelength X^, OADM filter 21 i in node . 

111 is tuned to wavelength X^, and OADM filter 212 In 
ripde 1 12 is tuned to wavelength Xy, it being assumed in . 
this example that there are a total of seven WDM chan- 
nels available on ring 101. 

[0024] In hub 130, incoming information packets 
are applied to ring 101 via multiplexer 230, and outgoing 
information packets are extracted from ring 101 via 
demultiplexer 235. Multiplexer 230 and demultiplexer 
235 are connected to the originating and terminating 
ends, respectively, of ring 1 01 . These elements may, 
e.g.. be part of a PacketStar W-WDM LiRIC available 
from-Lucent Technologies, Jnc.Jn.the^embgdjmeny^^ 
trated, multiplexer 230 receives packets carried in seven 
separate input streams, each stream representing ah 
individual WDM channel to X7.The individual inputs 
are combined into a single WDM signal and applied to 
ring 101 . Similarly, demultiplexer 235 receives the WDM 
signal on ring 101, separates the cornbined signal into 
seven separate output streams, and applies the output 
streams to suitable decoding apparatus. 
[0025] Further details of the exemplary ring network 
can be found in the copending application of L. Adams, 
J. Anderson, W. Brinkman and R. Broberg, filed on June 
15, 1999 under the title "Wideband Optical Packet Ring 



FIG. 1 is a block diagram of a dual-ring, bi-direc- is 
tiohal fiber-optic transmission system arranged to 
interconnect a plurality of nodes with a hub. 
FIG. 2 is a block diagram showing one of the optical 
transmission rings of FIG. 1, including expanded 
detail of the hub and sbhie of the nodes. ' .20 
FIG. 3 is a diagram that schematically illustrates an 
exemplary set of coarse WDM channels useful in 
the operation of an optical WDM ring network. 
FIG. 4 is a simplified diagram of a WDM ring net- 
work having two pumped links in accordance with 25 
an exemplary embodinient of the invention. 
FIG. 5 is a gain curve of an illustrative Raman 
amplifier pumped at a wavelength of 1465 nm. This 
gain curve was calculated assuniing a 300 mW 
pump emits into a 20-km span of optical fiber. 30 
Examples of suitable fiber for a gain medium are 
AllWave^", Tru Wave®,, and DSF fiber, all commer- 
cially available from 1 Lucent Technologies,; 600 
Mountain Avenue. Murray Hill. New Jersey. 
FIG. 6 Is a simplified diagram of one unidirectional 35 
ring of a bidirectional WDM ring network. 
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Network", and assigned to the same assignee as the 
present invention. 

[0026] While the preceding description of an 
embodiment of the present invention relates to an Inter- 
net Protocol (IP) network carrying IP packets, it is to be s 
understood that the present invention can be used in 
connection with many diverse types of networks and 
with the transrtiissibn of different types of information 
bearing packets or signals. Thus, as used herein, the 
term "packets" includes, but is not limited to, data pack- io 
ets (such as are used in asynchronous transfer mode 
(ATM), synchronous transfer mode (STM), and/or inter- 
■T1et^rpt6c6r(l P)~networks), as welllsotherinformation 
bearing signals, sometimes referred to as "frames", that 
are found, for example, in streaming audio and/or video is 
applications. 

[0027] Reference is now made to the simplified 
WDM ring network of FIG. 4. This network comprises 
hub 300 and nodes 301-305. The network further corn- 
prises clockwise links 31 1-31 6, which together with the 20 
hub and nodes define a clockwise ring, and counter- 
clockwise links 321-326, which together with the hub 
and nodes define a counterclockwise ring. Lengths of . 
the respective links are indicated on the figure, it being 
supposed that the total length of all of the links (in a . 25 
given direction) is 80 km. It will be appreciated that node 
303 is the node nearest the center of the network, in the 
■ sense that for node 303, the aiccumulated losses from 
the hub to the node most closely approximate the accu- 
mulated losses frorn the node to the hub, continuing 30 
around the ring in the same direction. It should be noted 
in this regard that losses associated with each.node are \ 
typicaiiy 1-3 dB* and losses in typicaLcommuhicatidh 
fibers for broadband WDM applications are typically * 
about 0.3 dB per kilometer. 35 
[002iB] Node 303 faces a "preponderant amount of 
loss oh neither side, and therefore, at least if it occupies ' 
a ririg of modest size, does not require amplification in 
its associated wavelength channel. In this i'egard, a ring 
of modest size may be regarded as one having ten oi' 40 
fewer nodes, and a total length of 1 00 km or less. 
[0029] Node 301, on the other hand, faces a . 
strongly preponderant amount of loss on the clockwise 
node-to-hub path, and on the counterclockwise hub-to- 
node path. Conversely, node 305 faces a strongly pre- 45 
ponderant amount of loss bn'the clockwisThub-to-riocle ' 
path and on the .counterclockwise node^o-hub path. 
Thus, it is advantageous to provide amplification, on the 
respective lossy paths, of signals in the respective 
channels associated with nodes 301 and 305. By pref- so 
erentially providing amplification at the places and in the 
wavelength channel where it is most needed, it is possi- 
ble to economize while maintajriing flexibility for future 
growth. ... 
[0030] One exemplary scheme for amplifying the ss 
channels associated with nodes 301 and 305 is illus- 
trated In FIG. 4. As shown there, pump energy for, e.g., 
Raman amplification is injected into links 312 and 322, 



and into links 314 and 324. As is well known in the art, 
Raman pump energy Is readily provided from, e.g., a 
150-mW laser diode coupled into the ring by a wave- 
length-dependent coupler, such that the pump energy 
propagates counter to the traffic in the pumped link. 
Loss associated with the wavelength-dependent cou- 
pler is generally less than 1 dB, and typically about 0.5 
dB. The pump laser and wavelength-dependent coupler 
are typically housed at the node at the endpoint of the 
pumped node which is downstream with respect to traf- 
fic flow. 

[0031] Examining first the clockwise ring, it is seen 
lhat~node^to^fiub traffic'from node 301 passes through 
tvyo pumped links j and hub-to-node traffic to node 305 
also passes through two pumped links. Conversely, in 
the counterclockwise ring, hub-to-node traffic to node 
301 and node-to-hub traffic from node 305 each pass 
through two pumped links. 

[0032]^ Raman pumping is particularly useful in 
WDM networks because Raman pumping provides gain 
over a relatively w|de range of wavelengths. When 
Raman gain in the typical comrhunication regime near 
1550 nm is plotted as a function of wavelength, the 
resulting gain curve has a width, very roughly, of 120 
nm, and a peak wavelength that is roughly 100' nm 
greater than the pump wavelength. Thus, it will often be 
the case that each Raman purtip laser can provide -a' 
significant amount of gain to several channels at once. 
[0033] However, Raman annpllficatlon using a given 
pump will not, in general, be equally effective over all of 
the wavelength channels being used. This is particularly 
so when the channels have a relatively high separation, 
such.as the exemplary separation of 20 nm, 
[0034] For example, each of the rings illustrated in 
FIG. 4 has two pumps. On each ring, each of these 
pumps is selected to emit pump radiation at 1465 nm. 
Both the 1550-nm channel arid the 1570-nm channel lie 
near the center of the correspdridihg gain curve, which 
is shown in FIG. 5. Accordingly, appropriate wavelength 
assignments ifor the channels associated with nodes 
301 and 305 are 1550 nm and 1570 nm respectively, as 
indicated in FIG. 4. Each of these channels will experi- 
ence a substantial artiount of gain. On the other hand, 
the other exemplary channels all experience gain that is 
more than 5 dB below the peak of the gain curve. 
[0035]"' " Alth6u^h~s6rfre~ R¥man 'pljr^^ will 
pass through the node at the upstream end of the 
pumped link and thus provide some gain in the next link, 
such gain will be relatively small due to attehuatioh of 
the pump radiation. Thus, to a good approximation, 
Raman amplification can generally be neglected In all 
but the pumped link or links. 

[0036] It will be seen from FIG. 4 that the amplified 
signals to or from node 301 and to or from node 305 
pass through two pumped links (in each ring), and thus 
experience double amplification, i.e., amplification from 
each of two pumps which may, e.g., each be a 150-mW 
pump. In the arrangement shown, the same is true of 
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"lossier-side" signals associated with each of the nodes 
except for nodes 302 and 303. 
[0037] However, the strategy of using two pumped 
links, instead of just one, has the result that the lossier- 
side traffic associated with nodes 302 and 303 still 
passes through one pumped link. By contrast, suppose 
that in, e.g., the clockwise ring only ling 314 were 
pumped. In that case, traffic on the lossier side of node 
303 would not pass through any pumped link. Thus, 
pumping two links has the effect that some advanta- 
geous Raman gain is provided to traffic associated with 
every node, provided, of course, that the corresponding 
wavelengthljhanrierH^ 

where the gain curve has an appreciable amplitude. 
[0038] In fact, the presence of two pumped links as 
shown has the effect that traffic on both sides of nodes 
302 and 303 experience some gain. This is particularly 
advantageous in relatively long networks, in which the 
most medial nodes are rielatively distant from the hub: 
[0039] When two punip laseris are used together to 
pump the same link, they are typically joined by a polar- 
ization multiplexer. VVhen the pumps are separated as 
described above, a polarization multiplexer is not 
needed. Thus, a further advantage of separating the 
pumps is that the cost of a polarization multiplexer js 
saved. 

[0040] As noted, put of the five nodes illustrated, 
the two having the most preponderant lossy sides are 
assigned the wavelength channels nearest the peak of 
the gain curve. These- are the 1570-nm and 1550^nm 
channels. Inspection of FIG. 4 shows that the next most 
needy node is node 304, and therefore it is assigned the 
most central, relative to the gain peak, of the remaining 
channels. This is the 1530-nnri channel.^ The two 
remaining channels are assigned to the the two most 
central nodes, narhely nodes 302 and 303. These chan- 
nels are the 1510-nm and 1590-nm channels, respec- 
tively. 

[0041] One significant characteristic of the network 
of FIG. 4 is that traffic in every channel passes thi-ough 
at least one pumped link, but different channels experi- 
ence different amounts of gain. In fact, different chan- 
nels experience different gains not only within a given 
pumped link, but also along respective hub-to-hpde or 
node-to-hub paths, each containing a pumped link. 
Th us; this' app i^oac h" isTq u ite dif f e re nt from an'" app roach 
in which an essentially uniform amount of gain is 
applied across all channels. Such a flat-gain approach 
might be implemented, e.g., by providing an individually 
optimized pump for each respective channel. 
[0042] Those skilled in the art will appreciate that 
there is considerable flexibility in the designation of 
pumped links and the assignment of wavelength chan^ 
nels to nodes. In any giyen network, it is advantageous 
to make such designations and such assignrhents in a 
manner that optimizes the received signals while honor- 
ing constraints, such as imposed cost constraints, that 
limit the total nurtiber of pumps. One exemplary 



approach to such optimization is described below. 
[0043] It should be noted that although Rahian 
amplification is advantageous because of its broad gain 
curve, other distributed gain mechanisms can be 

5 employed in the context of the present invention. Such 
mechanisms include, for example, distributed gain in 
rare-earth doped fibers, such as erbium-doped fibers. 
Moreover, discrete optical amplifiers can be employed 
at selected nodes or, indeed, at all of the nodes.. 

10 [0044] It should also be noted that whereas the net- 
work of FIG. 4 employs two Raman pumps emitting at 
the same wavelength, it will be advantageous in at least 
^some~networks"to~empiloy^two~or*more"Raiman pu m ps 
emitting at different wavelengths. By pumping at more 

15 than one wavelength, it is possible to extend relatively 
high Raman gain to a greater span of wavelength chan- 
nels. Moreover, as the network expands by the addition 
of nodes, further Raman pumps are readily added, as 
required, emitting at existing pump wavelengths or at 

20 new pump wavelengths. 

[0045] It should further be noted that a conventional 
Raman punhp for a communication network generally 
consists of a pair of pump diodes that are polarization- 
multiplexed in order to pump the gain medium uniformly 

25 with respect to polarization. This helps to suppress^, 
noise effects that could othen/vise be generated due to^ij 
the polarization-sensitivity of the Raman gain mecha- 
nism. However, polarization multiplexing incurs a small ;..t 
but significant loss penalty due to the multiplexing opti-.i^^- 

30 cal component, and It also reduces the designer's flexi- ^ 
bility regarding the placement of individual purtip 
sources. Fortunately, there will be many WDM ring net- . 
works, particularly ithose handling IP traffic at a maxi- \ 
rinum data rate/of.abput 2.5 Gbit per second, that can > 

35 tolerate sortie polarization-related noise. In such sys- - 
, tems, it vyill often be advantageous, for flexibility and J 
cost savings, to install Raman pumps individually and ? 
not in multiplexed pairs. 

[0046] An exemplary design procedure is now 
40 described with reference to FIG. 6. FIG. 6 shows only 

one of the two unidirectional rings of FIG. 4, illustratively 
the clockwise ring. Connected along the ring are hub 
600 and nodes 601-605. 

[0047] Associated wjth each hub-to-node and 
45 node-to-hub path is a loss accounting that Includes opti- 
carfiber losses~and'discrete losses 'due'to'opticarcom- 
ponents at nodes. Each node has a loss score, which is 
the value of the loss accounting for that side of the node, 
i.e., for the hub-tp-npde path or the node-to-hub path,. 
50 that has the greater loss accounting. Thus, for example, 
the loss score for node 604 is based on path 610, and 
the loss score for node 601 is based on path 61 5. 
[0048] There are one or more Raman pumps, each 
associated with a particular node which lies at the 
55 downstream end of the corresponding purhped link, the 
pump location or locations are initially assumed to be 
given a priori. 

[0049] In addition to the loss score, each node also 
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has a gairi score, The gain score is computed with ref- 
erence to the same [Dath that served as the basis for the 
loss score. The gain score is the total gain, e.g. the total 
Raman gain, experienced by traffic in that path, uhdei' a 
given set of wavelength assignments for the nodes and 5 
the Raman pumps. In the example of FIG. 6, it will be 
seen that path 615 passes through a pumped link, but 
the gain score for path 61 0 will be near zero because 
this path does not pass through a pumped link. 
[0050] . In accordance with one design prpcedufe, . 10 
the nodes are classified into at least three groups, with 
at least one node, in each group. The nodes having the 



last wavelength assignment has been niade, break the 
column of nodes Ihtp a top portion, a middle portion, 
and a bottom portion. Within each portion, wiavelengths 
can be reassigned. 

Claims 

1. An optical communication network comprising at 
least one unidirectional wavelength-division multi- 
plexed (WDM) ring that interconnects a hub and a 
plurality of hodes, wherein: 



"highest loss scores go into one group, those with^ihter^ 
mediate loss scores go into a secpnd^grdup, and those 
with the lowest loss scores go into a third group. For' 15 
example, in the network of FIG, 6, the first group might 
consist of nodes 601 and 605, the second of nodes 602 
and 604i and the thjrd of node 603. The boundaries 
between these .groups m^y be flexible, however^ so that 
a node at: the top pf one group might be mpyed ihtd the 20 
bottom of the next group, and vice versa. / 
[bpstj Wavelengths are assigned to the nodes in , 
such a way that the gi'oup having the highest loss 
scores gets the highest gain scbreSi and so on, Optibnr 
ally, Strict drderihgfbf gain scores can b& required vyithin 2$ 
a group, such that the node with the highest loss score 
gets the highest gain score, etc. However, for greater 
fjexibilityi it will often be desli^able to dispense with such 
a requirement. • 

[0052] Well known techniques are readijy applied in 30 

order to optimize some figure of merit for the waye^ 
length assignments, In pne example, the gain scores of. • 
one t>r" more designated; "nodes ar^ pptiniized.' Jn j 
another eHamplei ^some overall gain (jniformity is ^ 
achieved by minimizing, over all^ of the nodes, the surh 35 
of the respective Ibss-and gain scores (treating the gain 
scores as positive and the loss scores as negative).. If : 
overall gain urjifbi-rnity is the goalj it'may be desirable to 
take into account both the node-toT-hub path and the 
hub-tp-node path associated with 40 
[0053] Of course, ' each optimizatjoh can ; be 
repeated over each of various pump configurations in ' 
order to optimize over pump configurations as well. 
[0054] A highly simplified, but useful, procedure is 
now described for assigning wavelength channels to 45 
hod es7 The" place^^ 

and the corresponding pump wavelength or wave- 
lengths, are assumed to be given a priori. The nodes 
are listed in a column of a table in descending order 
according to loss score: Next to each" hpde, the gain so 
score is listed in a separate column for each possible 
wavelength channel that might be assigned to that 
node. Oh the first line of the table, assign, the wave- 
length giving: the highest gain score, and remove that 
wayelehgth froin further consideration. On each suc^ 55 
ceeding line, assign that one of the rernaining wave- 
lengths that gives the highest gain score, andTembve 
that wavelength from further cprisidefatibh. After the 



a) ~alJistihct vyayelength^ha 

each npde fpr communicatipn alpng the ring 
froni the hub to such node and from such node 
to the hub; 

b) each adjacent pair of nodes, and jikevyise 
each pair consisting of the hub and an adjacent 
node, is cphhected by a link of the WDM ring;- 

c) at least one link, to be referred to as a 
pumped link, is pptically coupled to a pump 
source, such that said coupling takes place 
directly tp the pumped link, father than through 
the [htermediacy of some p^^^^ 

d) the pptidarcouplihg:pf a piimp source to a 
pumped link is arranged to optically amplify sig- 
nals that pass through the pumped link; and 

e) the pumped link or pumped links are 
arranged such that at least.spme signals in dif- 
ferent wavelength channels will experieh dif- 
ferent optical gains when each such signal 
fbllows a complete path between the hub and a 
respective node, such path including at least . 

' one pumped link; ' ' ' 

An optical cornmuhicatibh network cbmpfisirig at 
least brie u nidi i'ectipnal :wavelength-divisic^ multi- 
piexed (WDM) ring that ihtercohnec^^ 
plurality of nodes, wherein: 

a) a distinct wavelength channel is assigned to 
, each node for communication along the ring 

from the hub to such node and frpm such node 
to the hub; 

b) each adjacent pair of nodes, and likewise 
each~pair'coiisistin^^ hub"Md ah adjacent" 
node, is connected by a link of the WDM ring; 

c) at least one link, to be i'eferred to as a 
pumped link, is ppticajly coupled to a puiiip 
sPufce, such that said cpupling takes place 
directly to the pumped link, rather than through 
the Intermediacy of some pther link; 

d) the bpt]caj coupling of a purihp source to a 
pumped link is arranged to optically amplify sig^ 
nals that pass through the pumped link; and 

e) the pumped link or pumped links are 
arranged such that there is at least one 
, pumped link that imparts gain to signals in a 
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first wavelength channel, and that imparts a dif- 
ferent amount of gain to signals in a distinct, 
second wavelength channel. 



An optical communication network comprising at s 
least one unidirectional wavelength-division multi- 
plexed (WDM) ring that Interconnects a hub and a 
plurality of nodes, wherein: 

a) a distinct wavelength channel is assigned to jo 
each node for communication along the ring 
from the hub to such node and from such node 



to*the~hub; 

' b) each adjacent pair of nodes, and likewise 
each pair consisting of the hub and an adjacent is 
node, is connected by a link of the WDM ring; 

c) at least one link, to be referred to as a 
pumped link, is optically coupled to a pump 
source, such that said coupling takes place 
directly to the pumped link, rather than through 20 
the intermediacy of some other link; 

d) the optical coupling of a pump source to a 
pumped link is arranged to optically arriplify sig- 
nals that pass through the pumped link; and 

e) at least' one pump source is a Raman pump 25 
source, arranged such that at least one wave- 
length channel is subject to Rarhan amplifica- 
tion in the corresponding pumped link; 

An optical communication network comprising at 30 
least one unidirectional wavelength-division multi- 
plexed (WDM) ring that interconnects a hub and a 

plurality of nodes, wherein: I* * j 

« . .5, 

a) a distinct wavelength channel Is assigned to 35 
each node for communication along the ring 
from the hub to such node and from such node 

to the hub; 

b) each adjacent pair of npde^, and likewise 
each pair consisting of the hub and an adjacent '40 
node, is connected by a link of the WDM ring; 

c) at least one link, to be referred to as a 
pumped link, is optically coupled to a pump 
source, such that said coupling takes place 
directly to the pumped link, rather than through 45 
the interrhediacy of some other lihkT 

d) the optical coupling of a pump source to a 
pumped link is arranged to optically amplify sig- 
nals that pass through the pumped link; and 

e) at least one pump source Is a Raman pump so 
source, arranged such that at least one wave- 
length channel will experience Raman gain in 

the corresponding pumped link, but said gain is 
not experienced equally in all of the wavelength 
channels. ss 
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FIG. i 
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FIG. 3 
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FIG. 6 
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